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Abstract  
Atorvastatin has been shown to reduce early brain edema and neuronal death after subarachnoid hemorrhage, but its mechanism is not 
clear. In this study, rat models of subarachnoid hemorrhage were established by autologous blood injection in the cisterna magna. Rat 
models were intragastrically administered 20 mg/kg atorvastatin 24 hours before subarachnoid hemorrhage, 12 and 36 hours after sub-
arachnoid hemorrhage. Compared with the controls, atorvastatin treatment demonstrated that at 72 hours after subarachnoid hemorrhage, 
neurological function had clearly improved; brain edema was remarkably relieved; cell apoptosis was markedly reduced in the cerebral 
cortex of rats; the number of autophagy-related protein Beclin-1-positive cells and the expression levels of Beclin-1 and LC3 were increased 
compared with subarachnoid hemorrhage only. The ultrastructural damage of neurons in the temporal lobe was also noticeably alleviated. 
The similarities between the effects of atorvastatin and rapamycin were seen in all the measured outcomes of subarachnoid hemorrhage. 
However, these were contrary to the results of 3-methyladenine injection, which inhibits the signaling pathway of autophagy. These find-
ings indicate that atorvastatin plays an early neuroprotective role in subarachnoid hemorrhage by activating autophagy. The experimental 
protocol was approved by the Animal Ethics Committee of Anhui Medical University, China (904 Hospital of Joint Logistic Support Force 
of PLA; approval No. YXLL-2017-09) on February 22, 2017. 
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Graphical Abstract   

Protective mechanism of atorvastatin on early brain injury (EBI) in rat models with subarachnoid 
hemorrhage (SAH) 
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Introduction 
Subarachnoid hemorrhage (SAH) occurs frequently in cere-
bral vascular disease and has high mortality and morbidity 
with poor outcomes, particularly among hypertension pa-
tients. Western countries report an incidence of 6.2–10 per 
100,000 (Korja et al., 2016; Mackey et al., 2016; Etminan et 
al., 2019). Cerebral vasospasm, early brain injury (EBI) and 
delayed cerebral infarction may lead to neurological dysfunc-
tion, especially cerebral vasospasm. However, a recent review 
showed that vasospasm-targeted medication can remarkably 
reduce cerebral vasospasm but does not improve outcomes 
after SAH (Budohoski et al., 2013; Xie et al., 2019). Recent 
clinical trials also confirmed that medications that amelio-
rate cerebral vasospasm have no effect on outcomes after 
SAH (Laskowitz and Kolls, 2010; Macdonald et al., 2011). 
Our previous study reported that EBI was a very important 
risk of mortality after SAH, and clinical studies showed that 
most patient deaths occur within 46 hours (Schievink et al., 
1995; Le Roux and Winn, 1998; Sehba et al., 2012; Chen et 
al., 2019). The possible mechanisms underlying EBI include 
autophagy, apoptosis and direct neuronal death (Cahill and 
Zhang, 2009). However, mechanisms to ameliorate EBI re-
main incompletely understood (Liu et al., 2014).

Apoptosis is a very important mechanism and has been re-
ported after SAH, and our previous study confirmed apopto-
sis mechanism plays a vital element during EBI (Chen et al., 
2016, 2019). However, our previous preliminary experiment 
found that autophagic changes may also be associated with 
cell death and apoptosis. Other recent studies confirmed 
autophagy was linked to neuroprotective effects in several 
experimental settings of EBI (Liu et al., 2014; Galluzzi et 
al., 2016; Wu et al., 2016; Cao et al., 2017). Autophagy is an 
important and well-known mechanism of cell death through 
lysosomal degradation. In a review, Galluzzi et al. (2016) 
noted that autophagy played a crucial role in spinal cord in-
jury, SAH and EBI.

Statins, cholesterol-lowering drugs, are inhibitors of 
HMG-CoA reductase. New clinical and basic research stud-
ies have found other pharmacological effects (Tseng et al., 
2005; Tousoulis et al., 2006; Luzak et al., 2011; Sehba et al., 
2011), especially anti cerebral vasospasm effects (Tseng et 
al., 2005; Chen et al., 2016). Our previous study also demon-
strated that atorvastatin (Ato) can reduce early brain edema 
and neuronal death in experiment SAH model, but the 
mechanism of this effect remains incompletely understood 
(Chen et al., 2016). Han et al. (2018) reported that Ato at-
tenuated the inflammatory response after atherosclerosis by 
activating autophagy, possibly by regulating the AKT/mTOR 
molecular pathway. Toepfer et al. (2011) also reported that 
Ato induced autophagy by activating LC3 transcription 
through the mTOR autophagic signaling pathway in cancer 
cells. Further investigations are needed to determine wheth-
er Ato regulates EBI by its effect on autophagy activation, 
EBI inhibition, neuroprotection or signaling pathways.

Therefore, we hope to confirm the neuroprotection by Ato 
after SAH using a rat SAH model. This study focuses on the 
role of autophagy by investigating whether the autophagic 

pathway is activated and to identify the neuroprotective 
mechanism of Ato in EBI following SAH.  
  
Materials and Methods
Animals
All animal studies were approved by the Animal Ethics Com-
mittee of Anhui Medical University, China (904 Hospital of 
Joint Logistic Support Force of PLA; approval No. YXLL-
2017-09) on February 22, 2017. All experiments conformed 
to the relevant regulations of animal protection. All 90 adult 
male specific-pathogen-free Sprague-Dawley rats aged 4–6 
months and weighing 300–350 g were purchased from Nan-
tong University Laboratories, China (SCXK(Su)2017-0001). 
All rats were maintained under a natural day and night cycle 
with free access to food and water at a comfortable tempera-
ture. All rats received general anesthesia before any experi-
mental procedures.

Experimental design
All rats were assigned randomly to five groups: sham (n = 
18), SAH (n = 18), SAH + Ato (n = 18), SAH + 3-methylad-
enine (3-MA) (n = 18) and SAH + rapamycin (Rap) (n = 
18). Ato (Pfizer, Wuxi, China) 20 mg/kg/day was orally ad-
ministered for 3 days (24 hours before SAH, 12 hours after 
SAH and 36 hours after SAH). 3-MA (Sigma-Aldrich, St. 
Louis, MO, USA) and Rap (Tocris Biosciences, Bristol, UK) 
were administered via intracerebral ventricular injection 30 
minutes before SAH onset in their respective groups. All rats 
were sacrificed 72 hours after SAH. Shortly before the rats 
were sacrificed, each rat had their final assessment of their 
behavioral scores and intracranial pressure (ICP). Six rats 
from each group were used for terminal deoxynucleotidyl 
transferase-mediated dUTP nick-end labeling (TUNEL) 
staining. Six rats were evaluated for brain edema. The re-
maining six rats were used for electron microscopy to eval-
uate autophagosomes, double immunohistochemistry and 
western blot assay. 

SAH models
SAH models were established by rat autologous-blood injec-
tion as our previous studies (Chen et al., 2016, 2018). Briefly, 
rats were intraperitoneally anesthetized with 10% chloral 
hydrate (0.25 mg/kg) and then positioned in a stereotaxic 
frame (Stoelting, Wood Dale, IL, USA) under an animal res-
pirator (Harvard Apparatus, Holliston, MA, USA). A trocar 
was stereoscopically inserted into the cisterna magna. Then 
0.3 mL of nonheparinized fresh autologous artery blood 
from the femoral artery was injected into the cisterna mag-
na for approximately 20 seconds. In the sham group 0.3 mL 
of saline was injected instead. To avoid cerebrospinal fluid 
leakage and bleeding from the trocar, bone wax was used as 
a plug before inserting the trocar. All rats were maintained 
in a 45° head-down body posture for approximately 30 min-
utes. After the operation, all rats received 5 mL of 0.9% sa-
line, to make up for lost fluids, and each returned to a single, 
comfortable cage. The vital signs were monitored; ICP and 
behavior scores were recorded throughout the experiment. 
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Intracerebral ventricular injection
An autophagy inhibitor, 3-MA, was used to block the auto-
phagy pathway and Rap was chosen to activate the autoph-
agy pathway (He et al., 2008; Toepfer et al., 2011; Han et al., 
2018). After anesthesia, a 10-μL syringe was used to insert 
the 3-MA or Rap into the left lateral ventricle guided by the 
rat stereotaxic frame. The puncture point was located 1.5 
mm posterior to, 3.5 mm below the horizontal plane of breg-
ma and 0.8 mm lateral to bregma. 3-MA (400 nmol) or Rap 
(20 pmol) was injected by a microinfusion pump (1 μL/min) 
30 minutes before SAH onset. The drug management was 
based on previous studies (He et al., 2008; Jing et al., 2012). 

Intracranial pressure monitoring
ICP was measured using a Codman microsensor basic kit 
(Probe diameter, 1.2 mm, Codman, New Brunswick, NJ, 
USA) that was implanted at the intraventricular injection 
point 30 minutes before model establishment. After 3-MA 
or Rap injection, the dura was opened, and the Codman ICP 
probe was inserted into the subdural space. Bone wax (Cod-
man) was used to prevent leakage of cerebrospinal fluid.

Neurological function assessment
The severity of early brain injury was evaluated by neurolog-
ical function at 72 hours after SAH using our previously de-
scribed neurological grading system (Cao et al., 2017; Chen 
et al., 2019). The scoring system consisted of six tests and 
specific standards are shown in Additional Table 1, and the 
neurological score ranged from 3 to 18. All rats from every 
group received behavioral assessment (n = 18), and a higher 
score represented a better neurological function. 

Brain water content
The severity of brain edema was evaluated by brain water 
content, which was determined by the standard wet-dry 
method as in our previous studies (Chen et al., 2016, 2018). 
The rats were sacrificed 72 hours after SAH, and the entire 
brain was harvested and weighed directly (wet weight). The 
brains of six rats from each group were dehydrated at 105°C 
for 24 hours to obtain the dry weight. The percentage of 
brain water content was equal to (wet weight – dry weight)/
wet weight × 100.

TUNEL staining
The severity of cell apoptosis in the cerebral cortex was eval-
uated by TUNEL assay according to the manufacturer’s in-
structions and our previous standard methods (Chen et al., 
2016, 2019). Rats were sacrificed with an overdose of sodium 
pentobarbital (100 mg/kg). The sample of the cerebral cor-
tex on each slide was treated with TUNEL staining mixture 
(Roche Inc., Basel, Switzerland) and incubated in a humid-
ified dark chamber at 37°C for 60 minutes. DAPI substrate 
was added in the dark for 5 minutes at 22°C. All processes 
were monitored by fluorescence microscopy (Olympus, To-
kyo, Japan). The procedure was performed according to the 
manufacturer’s instructions with the TUNEL staining kit. A 
negative control (without the TUNEL reaction mixture) was 

used. The apoptotic index (%) was the ratio of the number 
of TUNEL-positive cells/total number of cells × 100. The cell 
count was confirmed in four randomly high-power fields, 
and the data were averaged.

Double immunofluorescence staining
Double immunofluorescence staining for Beclin-1 or LC-3 
(autophagy related proteins) with NeuN (neuronal staining 
specific marker) was performed to count cells and neurons 
undergoing autophagy (Toepfer et al., 2011; Han et al., 2018). 
The specific method has been described in previous studies 
(Liu et al., 2014; Cao et al., 2017). Briefly, the rat brain sam-
ples were fixed in 4% paraformaldehyde for 24 hours at 4°C, 
then dehydrated in a 30% sucrose solution. Brain samples 
were sectioned at a thickness of 10 µm. Double immunofluo-
rescence staining for Beclin-1 with NeuN was similar among 
the groups. The primary antibodies were rabbit anti NeuN 
polyclonal antibody (1:200, rabbit polyclonal, ab128886; Ab-
cam, Cambridge, UK), rabbit anti LC-3 polyclonal antibody 
(1:300, ab48394; Abcam) and rabbit anti Beclin-1 polyclonal 
antibody (1:500, ab62557; Abcam), and were diluted in PBS 
overnight at 4°C. The sections were washed with PBS and 
incubated with goat anti-rabbit IgG secondary monoclonal 
antibody (1:500; Beyotime, Shanghai, China) at room tem-
perature for 1 hour. The sections were incubated and covered 
with DAPI, rinsed again and covered with glycerol. The re-
sults were observed and analyzed by fluorescence microscopy 
(Leica Microsystems, Wetzlar, Germany). 

Western blot assay
Cerebral cortex samples were collected, dissolved and pro-
teins separated by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis in 10% polyacrylamide gels. Proteins 
were transferred onto Immobilon nitrocellulose membranes. 
The membranes were incubated with primary antibodies for 
1 hour at room temperature and washed with Tris-buffered 
saline + 5% Tween-20 (TBST). The following primary anti-
bodies were used: a rabbit polyclonal antibody for anti-LC-3 
(1:2000, ab48394; Abcam), a rabbit polyclonal antibody 
for anti caspase-3 (cell apoptosis marker; 1:300, ab4051; 
Abcam), and a rabbit polyclonal antibody for anti Beclin-1 
(1:3000, ab62557; Abcam). After washing in TBST again, 
the blots were incubated with horseradish peroxidase-con-
jugated goat anti-rabbit secondary antibodies (1:1000; Santa 
Cruz Biotechnology Inc., Santa Cruz, CA, USA) for 1.5 
hours at room temperature. Following two rinses and four 
washes with TBST, the optical density results were quantified 
by Quantity 4.5 Software (Bio-Rad Laboratories, Hercules, 
CA, USA) and ImageJ (NIH, Bethesda, MD, USA). GAPDH 
(1:1000, ab8245; Abcam) was used as internal standards. 

Transmission electron microscopy
After rats were sacrificed, the 1 mm3 temporal lobe samples 
were collected and fixed in 2.5% glutaraldehyde and 1% 
osmium tetroxide at 4°C. After four or five washes in dis-
tilled water, the samples were dehydrated through a graded 
ethanol series at a high concentration, and then embedded 
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in an epoxy resin. Ultrathin sections were made and stained 
with uranyl acetate and Reynold’s lead citrate. The autopha-
gosome and organelles were observed under a transmission 
electron microscope (JSM-IT300LV; JEOL, Tokyo, Japan). 

Statistical analysis
The data are presented as the mean ± SD. SPSS 14.0 (SPSS, 
Chicago, IL, USA) and GraphPad Prism 5 (GraphPad Soft-
ware, San Diego, CA, USA) were used for the statistical 
analysis. The mortality between the experimental groups was 
analyzed by Fisher’s exact test. Multiple-group comparisons 
were tested by one-way analysis of variance. P < 0.05 was 
considred statistically significant. 

Results
General health and mortality of SAH rats
Blood gas levels, mean arterial blood pressure and blood glu-
cose (90–120 mg/dL) were all within normal ranges before 
the operation. Mortality was 38.9% (7/18) in the SAH group, 
27.8% (5/18) in the SAH + Ato group, 33.3% (6/18) in the 
SAH + Rap group, and 38.9% (7/18) in SAH + 3-MA group. 
No rats died in the sham group (0/18).

Ato improves neurological function of SAH rats 
The neurological scores were recorded 72 hours after SAH 
(Figure 1). The neurological scores were significantly lower 
in the SAH group compared with the sham group (n = 18, P 
< 0.05). Ato significantly improved the neurological scores of 
rats in the SAH + Ato group compared with the SAH group 
(n = 18, P < 0.05). Similarly, the scores were higher in the 
SAH + Rap group than in the SAH group (n = 18, P < 0.05). 
However, the scores were lower in the SAH + 3-MA group 
than in the SAH group (n = 18, P < 0.05). The scores were 
not significantly different between the SAH + Rap group and 
the SAH + Ato group (n = 18, P > 0.05; Figure 1). 

Ato decreases brain edema of SAH rats
Brain edema was evaluated by brain water content after SAH. 
There was highly significant brain edema after SAH, but this 
was significantly alleviated in the SAH + Ato and SAH + Rap 
groups compared with the SAH group (n = 6, P < 0.01). On 
the other hand, pretreatment with 3-MA further aggravated 
the effects of SAH in the SAH + 3-MA group compared with 
the SAH group (n = 6, P < 0.01; Figure 2). 

Ato decreases ICP of SAH rats
All rats received regular monitoring of ICP. After all opera-
tions, the ICP of all rats immediately increased from 8 to 80 
mmHg and fell back to 38 mmHg within 5 minutes (Figure 
3). After SAH induction, rats had a higher ICP at 15 min-
utes than the sham group, which had returned to normal, 
and the ICPs were relatively stable for 1 day. However, ICPs 
were higher in the SAH groups and progressively increased 
compared with the sham group at 24, 48 and 72 hours (n = 
18, P < 0.01). More importantly, after Ato and Rap interven-
tion, ICP did not increase as much compared with the SAH 
groups (n = 6, P < 0.01; Figure 3). 

Ato decreases cell apoptosis in the cerebral cortex of SAH 
rats
TUNEL staining showed that almost no cell apoptosis was 
detected in sham animals. There was significantly more cell 
apoptosis in the cerebral cortex of rats 72 hours after SAH 
(Figure 4A and B). Treatment with Ato and Rap dramatical-
ly reduced the amount of cell apoptosis compared with the 
SAH group (n = 6, P < 0.01), and the neuroprotective effects 
were similar in the SAH + Ato and SAH + Rap groups. How-
ever, 3-MA pretreatment significantly increased cell apopto-
sis compared with the SAH group (n = 6, P < 0.01). 

Ato decreases Beclin-1-positive cells in the hippocampus 
of SAH rats
Double-labeled immunofluorescent staining showed that 
Beclin-1-positive cells were widespread among the hippo-
campus after SAH induction. Additionally, more Beclin-1 
positive cells were observed after Ato and autophagy activa-
tor-Rap treatment, but there were fewer NeuN-positive cells 
after 3-MA administration (Figure 5). 

Effect of Ato on cerebral cortex autophagy-related 
proteins and caspase-3 expression of SAH rats
Western blot (Figure 6A and B) assays showed that the 
expression levels of LC3 and Beclin-1 were significantly in-
creased after SAH induction compared with the sham group 
(n = 6, P < 0.05). The expression levels of Beclin-1 and LC3 
were increased more after Ato and Rap treatments compared 
with the SAH only group (n = 6, P < 0.05). There was no 
difference in expression levels of Beclin-1 and LC3 between 
SAH + Rap and SAH + Ato groups (n = 6, P > 0.05). Howev-
er, there were contrary effects after pretreatment with 3-MA 
compared with the SAH group (n = 6, P < 0.05) (Figure 6C 
and D). 

The levels of caspase-3 (Figure 7) were upregulated sig-
nificantly after SAH compared with the sham group (n = 6, P 
< 0.01). Ato and Rap treatment significantly downregulated 
the levels of caspase-3 compared with the SAH group (n = 6, 
P < 0.01). However, caspase-3 was enhanced after pretreat-
ment with the autophagy inhibitor 3-MA compared with 
SAH group (n = 6, P < 0.05) (Figure 7B).

Effect of Ato on the ultrastructure of autophagosome and 
organelles in the temporal lobe of SAH rats
Transmission electron microscopy showed that autopha-
gosome and organelles in neurons, all mitochondria, en-
doplasmic reticulum, lysosomes and nuclei, were normal 
and not swollen in the sham group (Figure 8A). However, 
diverse morphological changes, such as swollen mitochon-
dria, were observed in the SAH group (Figure 8B–E). Some 
neurons displayed severe damage, as indicated by multiple 
vacuole-related structures containing autophagosomes (red 
arrow; Figure 8B–E) and electron-dense materials (blue ar-
row; Figure 8B–E). Ato treatment alleviated these morpho-
logical changes in mitochondria, as did Rap, however, 3-MA 
aggravated the SAH damage. 
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Discussion
Our study found that autophagy was activated after SAH in 
neurons, as revealed by autophagy-related proteins levels, 
double immunohistochemistry, indicating elevated LC3 and 
NeuN expression levels in injured brains, and our estimation 
of the number of autophagosomes by transmission electron 
microscopy. The SAH induced deterioration in neurological 
function, neuronal apoptosis and brain edema were further 
worsened in rats treated with 3-MA. However, neurological 
function and SAH-induced EBI improved after autophagy 
was activated by Rap. Notably, Ato treatment gave the same 
results after SAH. This suggests that the neuroprotective role 
of Ato in SAH is similar to that of Rap, acting as a promoter 
of autophagy in neurons. However, the largest advantage that 
Ato has a treatment for EBI is that it can be administered 
orally whereas Rap is given intraventricularly. This study also 
clarified that autophagy was the key to the neuroprotective 
effect of Ato treatment in EBI after SAH.  

Autophagy regulates the turnover of cellular constituents 
to ensure the removal and recycling of toxins and is very im-
portant in cell homeostasis. The role of autophagy has been 
confirmed in many central nervous system diseases, includ-
ing acute brain injury, intracerebral hemorrhage, SAH and 
Huntington’s disease (Nixon, 2006; He et al., 2008; Lee et al., 
2009; Smith et al., 2011; Chen et al., 2019). Lee et al. (2009) 
and Zhao et al. (2013) reported that the autophagy mech-
anism occurred and had an important role in controlling 
cell death in EBI caused by experimental SAH. Rap can 
induce autophagy and decrease expression levels of Bax and 
caspase-3, thereby inhibiting neuronal cell death and im-
proving EBI (Jing et al., 2012). However, 3-MA inhibits the 
autophagy pathway, thereby increasing neuronal cell death 
and aggravating EBI (Jing et al., 2012; Zhao et al., 2013). 
Therefore, autophagy activation can decrease neuronal apop-
tosis and ameliorate EBI and may present a potentially effec-
tive target for reducing EBI. Autophagy and apoptosis are ac-
tivated after SAH (Jing et al., 2012; Zhao et al., 2013; Wang et 
al., 2015; Chen et al., 2016). Altay et al. (2012) reported that 
the neuronal apoptosis signaling pathway was a very import-
ant and vital pathologic mechanism in SAH-induced EBI. 
Bcl-2, Bax and their proapoptotic family members are widely 
expressed (Chen et al., 2014; Shao et al., 2016). Both of these 
proteins are necessary for the activation of caspase-9, which 
can activate caspase-3 and thereby contribute to neuronal 
apoptosis (Reed, 2002; Cheng et al., 2009; Chen et al., 2016).  

Our previous studies showed that Ato can protect the au-
toregulation of cerebral vessels and ameliorate brain edema 
and EBI after SAH in animal experiments (Chen et al., 2016, 
2018). However, the specific mechanism of the neuroprotec-
tive effects of Ato remained unclear. Numerous experiments 
have confirmed that statins have many anti-inflammatory 
and antioxidative effects (Tseng et al., 2005; Tousoulis et al., 
2006; Luzak et al., 2011). Han et al. (2018) verified that Ato 
exerts an anti-inflammatory effect in atherosclerosis via the 
autophagy pathway, possibly by acting on the AKT/mTOR 
signaling pathway to enhance autophagy. Wang et al. (2015) 
found that statin treatment of spontaneous hypertensive rat 
cardiac cells regulated the Akt/mTOR pathway and inhibited 
apoptotic and autophagic cell death. Yang et al. (2017) be-

lieved that fluvastatin-induced anti-bone metastatic proper-
ties were based on the mechanism of autophagy in lung ade-
nocarcinoma cells, as it can increase nuclear p53 expression. 
Qi et al. (2018) concluded that Ato improved EBI by reduc-
ing apoptosis and endoplasmic reticulum stress. Neverthe-
less, there are few studies on the possibility of activation of 
autophagy by Ato as its neuroprotective mechanism.  

The mechanism by which Ato induces autophagy activa-
tion remains unclear. Previous studies showed that the Akt/
mTOR pathway was one of the mechanisms involved in 
autophagy that may be activated by Ato (Wang et al., 2015). 
Ato can enhance LC3 transcription, promote LC3 expression 
and lead to the activation of autophagy (Han et al., 2018). 
Toepfer et al. (2006) reported other pathways and mecha-
nisms involved in atorvastatin-induced autophagy, including 
the non-mTOR signaling pathway, PI-3 kinase activity, and 
JNK and Erk signaling pathways. Whether these pathways 
and mechanisms that are involved in statin-induced autoph-
agy activation exert similar effects after SAH is still unclear. 
In our future research we will focus on exploring the un-
derlying pathways and mechanisms by which Ato regulates 
autophagy. In particular, mTOR-independent autophagic 
signaling through LC3 activation may represent an import-
ant pathway that regulates statin-induced autophagy and 
deserves further investigation. In this study, we clarified that 
autophagy was the key to the neuroprotective effect of Ato 
treatment in EBI after SAH. However, the mechanism by 
which autophagy reduces neuronal apoptosis is unclear, and 
whether autophagy helps in the overall neuronal survival or 
death remains unclear (Shintani and Klionsky, 2004; Toepfer 
et al., 2011). We suspect that the activation of Ato-related 
autophagy can result in apoptosis-related proteins, such as 
caspase-3, being broken down or engulfed and thus vastly 
decreasing their effects or even removing them complete-
ly. After Ato or Rap intervention, the expression levels of 
caspase-3 were downregulated and neuronal apoptosis was 
also significantly decreased. However, the specific molecular 
mechanism underlying these effects, or the involvement of 
other mechanisms requires further study.  

In summary, Ato could be a beneficial treatment for 
SAH-induced EBI in a SAH model. Ato treatment enhanced 
the expression of autophagy-related proteins, possibly result-
ing in autophagy. Caspase-dependent apoptosis was allevi-
ated by Ato and Rap treatment after SAH. Ato can be a po-
tential neuroprotective drug that reduces SAH-induced EBI 
and improves clinical outcomes via the autophagy pathway. 
However, the precise mechanisms underlying Ato activities, 
how autophagy reduces neuronal apoptosis and deeper sig-
naling pathways, need to be studied further.   
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Figure 1 Effect of atorvastatin on neurological function of 
subarachnoid hemorrhaged rats.
The neurological function was assessed using the neurological grading 
system (Cao et al., 2017; Chen et al., 2019). Data are expressed as the 
mean ± SD (n = 18). *P < 0.01, vs. sham group; #P < 0.05, vs. SAH 
group (one-way analysis of variance). 3-MA: 3-Methyladenine; Ato: 
atorvastatin; Rap: rapamycin; SAH: subarachnoid hemorrhage. 

Figure 2 Effect of atorvastatin on brain edema of subarachnoid 
hemorrhage rats.
Data are expressed as the mean ± SD (n = 6). **P < 0.01, vs. sham 
group; ##P < 0.01, vs. SAH group; ††P < 0.01, vs. SAH + 3-MA group 
(one-way analysis of variance). 3-MA: 3-Methyladenine; Ato: atorvasta-
tin; Rap: rapamycin; SAH: subarachnoid hemorrhage.
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Figure 3 Intracranial pressure over a 3-day period after subarachnoid 
hemorrhage.
Data are expressed as the mean ± SD (n = 18). ##P < 0.01, vs. SAH group (one-way 
analysis of variance). 3-MA: 3-Methyladenine; Ato: atorvastatin; ICP: intracranial 
pressure; Rap: rapamycin; SAH: subarachnoid hemorrhage.

Figure 4 TUNEL staining of the 
cerebral cortex after subarachnoid 
hemorrhage.
(A) TUNEL staining: cell apoptosis 
(arrows) reduced in the SAH + Ato 
and SAH + Rap groups. Cell apoptosis 
aggravated in the SAH + 3-MA group. 
Original magnification, 400×. (B) 
Results of quantitative analysis. The 
data are presented as the mean ± SD 
(n = 6). **P < 0.01, vs. sham group; 
#P < 0.05, ##P < 0.01, vs. SAH group 
(one-way analysis of variance). 3-MA: 
3-Methyladenine; Ato: atorvastatin; 
Rap: rapamycin; SAH: subarachnoid 
hemorrhage; TUNEL: terminal de-
oxynucleotidyl transferase-mediated 
dUTP nick-end labeling.

Figure 5 Effect of Ato on Beclin-1 immunoreactivity 
in the hippocampus of subarachnoid hemorrhage rats 
(double immunofluorescent staining). 
Immunofluorescent staining of Beclin-1/NeuN/DAPI 
in the hippocampus exhibited enhanced Beclin-1 im-
munoreactivity in the SAH + Ato treated group and the 
effect was very similar to that in the SAH + Rap group; 
Beclin-1 immunoreactivity decreased after pretreatment 
with 3-MA. Fluorescence colors: NeuN (red marked by 
Alexa Fluor 647), Beclin-1 (green marked by Alexa Fluor 
488), and DAPI (blue). 3-MA: 3-Methyladenine; Ato: 
atorvastatin; DAPI: 4′,6-diamidino-2-phenylindole; Rap: 
rapamycin; SAH: subarachnoid hemorrhage. 
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Figure 6 Autophagy-related protein 
expression levels in the cerebral cortex. 
(A, B) Levels of Beclin-1 (A) and LC3 (B). 
(C, D) Results of quantitative analysis. The 
densities of the Beclin-1 (C) and LC3 (D) 
protein bands were analyzed and normal-
ized to GAPDH. Data are expressed as 
the mean ± SD (n = 6; one-way analysis of 
variance). **P < 0.01, vs. sham group; #P 
< 0.05, ##P < 0.01, vs. SAH group. 3-MA: 
3-Methyladenine; Ato: atorvastatin; GAP-
DH: glyceraldehyde-3-phosphate dehydro-
genase; Rap: rapamycin; SAH: subarach-
noid hemorrhage. 
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#A B Figure 7 Caspase-3 protein levels in the cerebral 
cortex. 
(A) Caspase-3 levels. (B) Relative density of 
caspase-3: The densities of the protein bands 
were analyzed and normalized to GAPDH. Data 
are expressed as the mean ± SD (n = 6; one-way 
analysis of variance). **P < 0.01, vs. sham group; 
#P < 0.05, ##P < 0.01, vs. SAH group. 3-MA: 
3-Methyladenine; Ato: atorvastatin; GAPDH: 
glyceraldehyde-3-phosphate dehydrogenase; Rap: 
rapamycin; SAH: subarachnoid hemorrhage.
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Figure 8 Effect of Ato on the ultrastructure of autophagosome and organelles in the temporal lobe of subarachnoid hemorrhage rats 
(transmission electron microscopy). 
(A) The structure of neurons was normal. All mitochondria, endoplasmic reticulum, lysosomes, and nuclei showed no pathological changes in the 
sham group. (B) However, diverse morphological changes were found after SAH, such as swollen mitochondria (triangle) and broken endoplasmic 
reticula (five-pointed star). Multiple double-membrane autophagosomes (red arrow) and electron-dense materials (blue arrow) were seen in the 
SAH-damaged neurons. (C) Atorvastatin treatment lessened the morphological changes in the mitochondria. (D) Rap treatment presented similar 
changes. (E) 3-MA aggravated the effects of SAH. Original magnification, 15,000×. 3-MA: 3-Methyladenine; Ato: atorvastatin; Rap: rapamycin; 
SAH: subarachnoid hemorrhage.
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Additional Table 1 Neurological score

Test
Score

0 1 2 3

Spontaneous activity (in cage

for 5 min)

No movement Barely moves Moves but does not

approach at least three sides

of cage

Moves and approaches at

least three sides of cage

Symmetry of movements (four

limbs)

Left side: no

movement

Left side: slight

movement

Left side: moves slowly Both sides: move

symmetrically

Symmetry of forelimbs

(outstretching while held by

tail)

Left side: no

movement, no

outreaching

Left side: slight

movement to

outreach

Left side: moves and

outreaches less than right

side

Symmetrical outreach

Climbing wall of wire cage Left side: no

movement, no

outreaching

Fails to climb Left side is weak Normal climbing

Reaction to touch on either

side of trunk

Left side: no

movement, no

outreaching

No response on left

side

Weak response on left side Symmetrical response

Response to vibrissae touch Left side: no

movement, no

outreaching

No response on left

side

Weak response on left side Symmetrical response


